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Abstract: Forest conservation and restoration are urgently needed to preserve key resources for the
endemic fauna of dry southern Madagascar. This is a priority in the shrinking, seasonally dry forest of
Berenty, a private reserve in Southern Madagascar. However, to provide a basis for forest restoration,
a study of tree growth and regeneration in this unique biome is essential. A three-year planting
program of native and endemic species was initiated in 2016. Three trial plots were established
in forest gaps, with varying microclimates and soil conditions: one on the riverside, one in the
mid-forest and the third in a degraded dryland area. We planted 1297 seedlings of 24 native tree
species with plantings spaced at 1 m and 1.5 m and measured their height and stem diameters
and recorded seedling mortality. We also recorded plant recruitment on the plots from the nearby
forest. The main findings were that growth was best on the mid-forest plot planted at 1 m. Seedling
mortality was highest on the riverside plot for the 1 m seedlings and least in the mid-forest at both
planting distances. Recruitment was highest in the mid-forest at both planting distances and high
also at 1.5 m by the river. These results are intended to aid future forest restoration on the Reserve
and may serve as a reference for restoration of other dry forests in Madagascar. Finally, since species
identification is central to the project, we collected, prepared and catalogued tree specimens to form
a reference collection in an herbarium under construction in a new Research Centre at the reserve.

Keywords: conservation; planting program; dryland; growth; mortality; recruitment; reference
collection

1. Introduction

Madagascar has one of the highest concentrations of endemic species anywhere on
Earth [1], but these species are now severely threatened by deforestation. The threat is
nowhere greater than in the dry south, due to a fast-rising human population and their
need for building materials, fuel and grazing for the zebu cattle that form the basis of their
society [2–4]. Conservation is urgently needed, but although in Madagascar there are many
conservation areas [5], there is little government money to support local conservation and
few of the forests are fully protected [6].

In Madagascar, primary forest has been reduced to coastal fragments including humid
evergreen tropical forests, clinging to steep mountains on the eastern seaboard and, to the
south and southwest, seasonally dry deciduous forests [7]. Much has been written about
dry deciduous forests in Central and South America and Africa concerning their general
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characteristics, structure and floristic composition [8,9], but in dry southern Madagascar,
such studies are scant. These include a species list compiled by the Groupe des Spécialistes
des Plantes de Madagascar [10]; Crowley [11] described the location, distinctive biodi-
versity features and threats to this semi-arid biome and Aronson et al. [12] produced a
comprehensive inventory of overall tree diversity and endemism.

A detailed analysis was published for the Beza Mahafaly Reserve by Sussman and
Rakotozafy [13], with this covering the density, diversity, floristic composition, structure
and regeneration patterns of the forest vegetation, but it lacks insights into tree growth or
planting practices that could be used to guide restoration of the forest ecosystems at the
Private Reserve of Berenty our study site 230 km southeast of Beza Mahafaly.

Berenty is a prime example of environmental conservation in a region that is otherwise
suffering deforestation at an unprecedented rate [14]. The Reserve has been owned and
protected by the de Heaulme family since 1936, but as early as 1973 primatologists noticed
that the forest was shrinking and degrading [15,16]. It was clear that reasons for increasing
degradation needed investigation [17].

Tree ring analysis showed that the dominant species in the gallery forest, Tamarindus indica
(tamarind), has a median age of nearly 200 years and wherever a tree dies and falls direct sun-
light reaches the forest floor allowing the invasion of an African vine (Cissus quadrangularis),
prickly shrubs and tall grasses (notably Panicum maximum), which suffocate emerging
seedlings and saplings. Around the remaining forest areas, edge effects including the
invasion of vines and shrubs, the mortality of large trees and growth of secondary species,
threaten the existing canopy forest [18]. Thus, although anthropogenic reasons for defor-
estation, common elsewhere in Madagascar are not a problem, the gallery forest at Berenty
is threatened by age decline and C. quadrangularis invasion. In the Reserve, a vine clearance
program is ongoing and forest restoration is in prospect.

For restoration to succeed, knowledge of tree species biology and ecology is essen-
tial [19]. Without it, any forest restoration attempt could fail or, even worse, damage an
already fragile ecosystem. In 2016, we initiated a 3-year forest restoration trial following
the general principles of the framework species method advocated by Elliott et al. [20],
with further rules for its application set out by Di Sacco et al. [21].

Following the method, our work included a comparison of growth rates and mortality
of species planted 1 m and 1.5 m apart, in three different forest locations, near the river,
mid-forest and in the dryland area, with the objective of determining where species best
thrive with respect to their location, planting distance and species performance. The
project’s long-term goal is to arrest forest decline and restore biodiversity levels to those
typical of the remaining forest fragments, thus conserving key resources for the lemurs and
other endemic fauna. It is intended that the knowledge gained could also provide a basis
for forest restoration in other seasonally dry forests in southern Madagascar.

2. Study Area

Berenty Reserve, (25◦00′20”S 46◦18′05”E) lies on the banks of the Mandrare River,
18 km from the south coast at an altitude of around 30 m a.s.l (Figure 1). Mean annual
precipitation is 500 mm, with a dry season from April to September, but rainfall is extremely
variable (Figure 2). The floodplain is laced by ancient river channels (paleochannels), with
the oldest of these underlying a steep 10-m high bank on the perimeter of the Reserve
formed during a period of river downcutting [22]. Tree regeneration is fostered in the shal-
low paleochannels where leaf litter retains moisture particularly during the rainy season
(October to April). The striking red soils above the flood plain are iron-rich unconsoli-
dated sands overlying Archaean basement rock. In contrast, the alluvial sediments on the
floodplain are derived largely from rhyolite a quartz-rich, mildly alkalic feldspar from the
Androy lava flow, which covers a large part of the upstream river catchment [23].
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Figure 1. Berenty Reserve showing main forest areas, plot positions and ancient river channels. 

 

Figure 2. Annual rainfall totals at Berenty Reserve from 1933 to 2019. With data collected at Berenty Sud by Mr Rako-

tomalala and Henry de Heaulme. The gaps denote missing records. 

The forest in Malaza, the main part of the Reserve where we carried out our work, 
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gallery forest, limited to a 100–150 m-wide band of tamarind trees up to 30 m tall and 
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Figure 1. Berenty Reserve showing main forest areas, plot positions and ancient river channels.
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Figure 2. Annual rainfall totals at Berenty Reserve from 1933 to 2019. With data collected at Berenty Sud by Mr Rakotomalala
and Henry de Heaulme. The gaps denote missing records.
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The forest in Malaza, the main part of the Reserve where we carried out our work,
may once have covered the whole floodplain, but today it is divided into closed canopy
gallery forest, limited to a 100–150 m-wide band of tamarind trees up to 30 m tall and
lower canopy species by the riverside. Transitional forest with large trees (15–30 meters
tall) and lower canopy species (under 15 m) generally decline in abundance with increasing
distance from the river. The eastern half of the former forest where large trees are rare has
become degraded with patchy cover of dryland trees (mostly under 15 m) together with
the C. quadrangularis vine and prickly shrubs.

Malaza, covering around 100 ha, has been protected since 1936. Ankoba, joined by a
corridor to the northwest corner of Malaza, is a 15-ha patch of secondary forest that has
been protected since the 1950s, while Bealoka, a gallery forest with an area of 110 ha that
lies up-river 6.5 km to the northwest, has been protected since 1985. Anaramalangy, on
the east side of Malaza, and divided from it by a cattle trail leading to the river, is a patch
of 36 ha where protection has been less effective due to ingress of cattle and invasion of
C. quadrangularis. Remnants of unique spiny forest vegetation, well adapted to the arid
conditions, cover the gentle valley slopes south of Malaza [24,25].

3. Materials and Methods
3.1. Restoration Trial Plots

In Malaza three experimental plots, P1, P2 and P3, were established in 2016 in de-
graded openings. P1 on the riverbank had become invaded by vines following the death of
a tamarind tree. P2 in the mid-forest covered an area burnt in 2006 and P3 was a degraded
dryland area where almost all the large canopy species had died, identified as stage 2
degradation by Elliott et al. [26] (p. 68). P1 and P2 covered approximately 600 m2 each,
while P3 covered 900 m2. All three plots were flat, but that on the riverbank had tall trees
only on its forest edge to the south. P2 in the mid-forest had tall trees on three sides and a
track flanked by an ancient dry river channel to the east and P3 was open with only two
tall trees. Detailed maps were made of all the plantings, mortality and existing trees on
every plot (Figure S1a–c).

Unlike wetter tropical climates where 1.8 m is an optimum distance for forest restora-
tion [26] (pp. 76, 127, 130), at Berenty rainfall is highly variable (Figure 2) and canopy
closure is likely to take longer. Hence, closer planting distances were trialed, with the
choice of 1 m and 1.5 m distances suggested by the naturally close spacing of understory
trees in the gallery forest.

To test the effects on growth of different planting distances, each plot was divided
into two sections, with seedlings in one section planted at 1 m and in the other at 1.5 m
apart (Table 1; Figure 3).

Table 1. Planting distances plot areas and seedling numbers.

Plot P1 P1 P2 P2 P3 P3

Planting
distance 1 m 1.5 m 1 m 1.5 m 1 m 1.5 m

Area (m2) 305 309 278 354 346 556
Seedling
numbers 251 142 257 166 268 213
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planting treatments.

3.2. Species Selection, Planting and Measurement

A total of 1297 seedlings of 24 species belonging to 15 families of common native
or endemic trees were planted in 2016, with the species chosen based on surveys in
2011–2014 (Table 2). The seedling species were classified as upper canopy, lower canopy
and dryland species according to their growth characteristics in the forest.

Table 2. Planted species with the family, botanical and local names.

Family Species Local Name

1. Fabaceae Acacia rovumae * Rovontsy
2. Fabaceae Albizia polyphylla * Halomboro
3. Salvadoraceae Azima tetracantha * Filofilo
4. Fabaceae Bauhinia decandra Tangatanganala
5. Cannabaceae Celtis bifida Bemavo
6. Cannabaceae Celtis gomphophylla Hazompotsy
7. Cannabaceae Celtis madagascariensis Tsilikantsifaka
8. Burseraceae Commiphora aprevalii * Daro
9. Rubiaceae Coptosperma nigrescens * Mantsake

10. Boraginaceae Cordia caffra Varogasy
11. Capparaceae Crateva excelsa Keleogny
12. Euphorbiacae Euphorbia tirucalii Famata
13. Malvaceae Grewia androyensis Tabarike
14. Malvaceae Grewia calvata var. arbuscula Andapary
15. Sapindaceae Neotina isoneura Volely
16. Anacardiaceae Poupartia sp. Magoe
17. Violaceae Rinorea greveana Tsatsaky
18. Salvadoraceae Salvadora angustifolia Sasavy
19. Apocynaceae Strophanthus boivinii Kapoke
20. Loganiaceae Strychnos madagascariensis Dagoa
21. Apocynaceae Tabernaemontana coffeoides Feka
22. Fabaceae Tamarindus indica * Kily
23. Rubiaceae Tricalysia dauphinensis * Hazombalala
24. Ximeniaceae Ximenia perrieri Kotro

* Species that are native but not endemic, as defined by Phillipson et al. [25].

The seedlings were planted in compost and forest soil 50:50, with wood chippings
placed as a mulch around the base of each seedling to conserve moisture and prevent weed
growth. Holes for seedlings were dug 40 × 40 × 40 cm; each hole was numbered, and the
species were labelled with their vernacular names.
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To assess the growth of the planted seedlings 2016–2018, we chose four key variables:
height and root collar diameter growth rates; the mortality of the seedlings and recruitment
from the forest.

Seedlings were measured after planting in July 2016 and between July and August in
2017 and in 2018. The measurements were height to terminal bud and root collar diameter
taken using a meter tape and a Vernier caliper, respectively. Dead individuals were recorded
every year and qualitative data on seedling health from visual cues, such as wilting or
leaf-loss, were recorded together with the presence or absence of competing weeds (mostly
grasses). In 2017 and 2018, the positions and the identity of species recruited from the
surrounding forest were also recorded. The forest owner established daily watering, with
this carried out all year round. To provide shelter from the sun, the owner also had small
roofs constructed over the seedlings on P2 and P3, where most existing trees were under
15 m tall and only provided light shade. The long narrow plot P1 on the riverbank had a tall
Celtis bifida growing in the middle and lower canopy shade trees at either end (Figure S1a).

3.3. Soil Sampling and Plant Identification

Soil samples were collected from the plots and across the forest at a depth of 5 and
25 cm [27] and analyzed at the School of Geography and the Environment, University of
Oxford. Soil grain size distribution was analyzed using a Malvern 2000 Mastersizer with
a gradistat program used for soil interpretation. Soil pH was measured using a Hanna
pH meter. Organic content percentage was based on loss from Ignition and moisture was
calculated as a percentage of the dry weight after drying the soil at 60 ◦C for 3–4 days until
a constant weight was reached.

Additionally, to gain a better understanding of the plant diversity in Malaza, voucher
specimens from 76 mature tree species (16 of these are awaiting botanical determination)
were collected starting with the species used in the trials, together with their flowers, fruit
and seeds where available. Other species occurring less frequently were also collected
for the benefit of future researchers and to form part of the record. Curation involved
identifying the species and linking their botanical names to the local vernacular names,
drying, pressing, photography and descriptions, with each specimen laid out on a card for
eventual inclusion in a prospective herbarium.

3.4. Data Analysis

The only methods available for analysis of the effects on seedling growth due to the
inevitable plot differences: location in the forest, soil, moisture and shade from existing
trees, were application of significance tests.

Relative growth rates (RGR) were calculated using the equation:

RGR =
ln(M2)− ln(M1)

T2 − T1
(1)

where M1 and M2 are the height or root collar diameter at time 1 (T1 = 2016) and time 2
(T2 = 2018). The increase in the natural log of the height and root collar diameter was
divided by the time interval in which measurements were taken (365 days). Mortality rates
(in percentages) were calculated as the number of dead individuals of a species divided by
the total individuals planted in 2016 for each plot and for each planting distance.

The statistical package R was employed for data analyses [28] (R Core Team, v3.6.2,
2019), with the packages’ ggplot2’ [29] and ‘forcats’ [30]) used to create the plots and the
package ‘dplyr’ [31] to manage and arrange the data. The differences in the means of
height and root collar diameter relative growth rates were tested using the Mann–Whitney
U-test, after testing for normal distribution using the Shapiro–Wilk test. Mean rates of
relative growth rates and mortality for years 2016–2018 (2016–2018 here onwards) were
used throughout the analysis.
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4. Results
4.1. Relative Growth Rates

Relative growth rates were consistently higher at the 1 m planting distance (Figure 4).
Both height (RGR-H) and root-collar diameter (RGR-RCD) relative growth rates were
significantly higher on P1 and P2 but lacked significance on P3 (Table 3).
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Table 3. Mann–Whitney U-Test results comparing significance of differences in the relative growth
rates by planting distance (1 m vs. 1.5 m) of all species within the plots.

RGR-H RGR-RCD

Plot W Statistic p-Value Plot W Statistic p-Value

P1 7324.5 0.00048 * P1 7416.5 0.00078 *
P2 23,808 <0.00001 * P2 19,517 0.02212 *
P3 14,854 0.2296 P3 14,486 0.4331

* = significant at the 0.05 level.

Overall, the relative mean height-growth rate was higher at the 1 m planting distance
for 19 out of 24 of the planted species (79%) (Figure 5a), and for 16 out of the 24 planted
species (66.6%) when measured as root collar diameter growth rates (Figure 5b).
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Our RGR results (Figure 6a) show that the growth of the three canopy types, up-
per canopy, lower canopy and dryland species, is poorly related to their type or their
growth rates for height. Upper canopy species and dryland species span the range.
By contrast, lower canopy species mostly span the middle of the range with only one,
Bauhinia decandra, at the lower end of the range. Some species, e.g., Coptosperma nigrescens
and Strophanthus boivinii, are shown as dryland species but may also grow in lower canopy
positions in the forest, although they may initially need light [18]. Crateva excelsa, an upper
canopy species, also has recruits on P1 and P2 in both shaded and dryland areas.

4.2. Mortality Rates

Mortality rates of the species are shown in Table 4 and Figure 7a,b. Seedling mor-
tality was highest on P3 (27.03% or, excluding Ximenia Perrieri, 17.84%), followed by P1,
with a mortality rate of 23.4%. The lowest mortality (10.4%) occurred on P2. Mortality
was consistently higher on the plots at a planting distance of 1.5 m, although a Welch
two-sample t-test showed no significant difference (at the 0.05 level) between mortality
rates for the planting distances on any of the plots (P1: p-value = 0.2828, df = 29.066;
P2: p-value = 0.4351, df = 28.388; P3: p-value = 0.2938, df = 29.862) for all the plots com-
bined (Figure 7a). Plant mortality on the 1.5 m plots was higher (74.44%) than on the 1 m
plots (51.9%). Nevertheless, this difference was not statistically significant (p-value = 0.0936,
df = 100).

Figure 7b shows that the species with the maximum overall mortality was Celtis bifida
(an upper canopy species) with a mortality of 62% on the 1 m plots and 89% on the 1.5 m
plots. Further, almost none of the X. perrieri species, which were only planted on P3,
survived (a mortality of 95% on the 1 m planted plots and 91% on the 1.5 m plots). The
other species showing the highest mortality rates were Coptosperma nigrescens, with 82%
mortality planted at 1 m and 60% planted at 1.5 m, and Tabernaemontana coffeoides, with 89%
mortality at 1 m and 100% mortality at 1.5 m.
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Table 4. Dead seedlings and percent mortality per plot and planting distance. n/p = not planted. 0 = all seedlings survived.

Mortality 2017–2018

Plot P1
1 m

P1
1.5 m

P2
1 m

P2
1.5 m

P3
1 m

P3
1.5 m

Total seedlings
planted 251 142 257 166 268 213

Species
Acacia rovumae 2 4 4 7 0 0

Albizia polyphylla 2 1 0 0 0 1
Azima tetracantha n/p n/p 0 0 n/p 1
Bauhinia decandra 5 2 n/p n/p n/p n/p

Celtis bifida 10 7 7 9 n/p n/p
Celtis gomphophylla 1 0 0 0 1 0

Celtis
madagscariensis 4 4 1 1 n/p n/p

Commiphora
aprevalii n/p n/p 0 0 4 2

Coptosperma
nigrescens 10 2 1 2 0 3

Cordia caffra 0 1 0 0 0 0
Crateva excelsa 0 0 0 1 1 2

Euphorbia tirucalii 0 0 n/p n/p 0 0
Grewia androyensis 0 0 n/p n/p 6 13

Grewia calvata n/p n/p 2 4 7 6
Neotina isoneura 8 4 0 3 0 1

Poupartia sp. 0 1 0 0 n/p n/p
Rinorea greveana 4 3 0 0 3 5

Strophantus boivinii 0 n/p n/p n/p n/p n/p
Salvadora

angustifolia n/p n/p 0 0 0 1
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Table 4. Cont.

Mortality 2017–2018

Strychnos
madagascariensis n/p n/p n/p n/p n/p 2

Tabernaemontana
coffeoides 0 4 0 0 n/p n/p

Tamarindus indica 2 1 1 1 0 1
Tricalysia

dauphinensis 5 5 0 0 3 0

Ximenia perrieri n/p n/p n/p n/p 41 26
Dead plants 53 39 16 28 66 (25 *) 64 (38 *)

Total plot
mortality 92 44 130 (63 *)

Mortality/planting
distance/plot 21.1% 27.5% 6.2% 16.9% 24.6% (9.32% *) 30.04% (17.84% *)

Mortality/plot 23.4% 10.4% 27.03% (13.09%*)
Total planted = 1297 (1226 *)

Total Dead = 266 (199 *)
Mortality for all plots = 20.5% (16.23% *)

* Mortality percentages with X. perrieri seedlings discounted.
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4.3. Recruitment from the Forest

Self-planted wild recruits emerged on all the plots (Table 5). Crateva excelsa vigorously
colonized both P1 and P2 in the mid-forest, while tamarind mostly colonized on the more
open P1 by the riverside (it is notable that under the closed canopy very few tamarind
seedlings survive more than two years). By August 2019, recruits supplied an average
of 3.5% of the total of all species on P1 and P2, with the relatively larger percentage on
P1 and P2 among the seedlings planted at 1.5 m intervals. On P3, not counting the shrub
Ximenia perrieri and a plant locally named ‘Miange’, recruitment is 0.6% mainly made up
from Kosteletkya diplocrater. This dryland species can grow as a shrub or small tree up to
5 m tall.
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Table 5. Numbers of recruits and percentages of species colonizing the planted plots after 3 years.

Species

Number of Recruits
Total

RecruitsP1
(1 m)

P1
(1.5)

P2
(1 m)

P2
(1.5)

P3
(1 m)

P3
(1.5)

Tamarindus
indica 3 2 1 6

Crateva excelsa 2 4 3 6 15
Rinorea
greveana 2 1 3

Tricalysia
dauphinensis 1 1

Allophyllus
decaryi 1 1 2

Neotina
isoneura 1 1

Salvadora
angustifolia 1 1 2

Tabernaemontana
coff. 4 4

Kosteletzkya
diplocr. 1 8 9

Miagne (shrub) 13 13
Ximenia

perrieri (shrub) 8 4 12

Albizia
polyphylla 1 1

Total recruits
per sub-

plot planting
distance

5 10 6 12 23 (2) 13 (1)

Total recruits
per plot 15 18 36(3 *)

Percentage of
recruits

per planting
distance

1.9 6.5 2.2 7.1 3.4 (0.7 *) 6.1 (0.5 *)

Percentage of
recruits
per plot

3.3 3.9 7.4(0.6 *)

* If shrubs are removed, Plot 3 has only three recruits, with this affecting the percentages.

4.4. Soils

Generally, the soil samples can be classified as poorly sorted, very coarse silty, medium
sand defined as belonging to the muddy sand textural group typical of river sediments
from an igneous source, with this reflecting the basaltic–rhyolitic origin of the floodplain
sediments [23].

Soil samples taken at 5 cm depth in the gallery forest along the riverbank are typified
by sand percentages averaging 72% and silt averaging 28%, while in the transitional forest,
percentages vary between 33% to 86% sand and 14% to 67% silt with higher percentages of
silt on the western side of the forest contrasting with sand in the higher energy environ-
ment near the river [17]. The silt percentage in the paleochannels lies between 54% and
67% (except T9 at 46%). The highest variability was found in the eastern degraded area
suggesting a complex history of changing channel regimes. Clay percentages average 2.7
with a range from 0.7% to 3.8%. Soil moisture levels were lowest near the river and highest
in the mid-forest, while organics were also lowest near the river, but higher in the mid
forest and in parts of P3.
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The pH, at 25 cm depth on the plots, averaged 5.8, contrasting with an average pH of
8.5 in the dryland area with this possibly reflecting exposure to higher temperatures and
aridity [32,33]. This pH was further supported by Hartley et al. [34] who maintain that
dryland soils in low lying areas tended to be more alkaline compared to up-slope soils.
A pH of 8.5% was also found in the oldest paleochannel defining the western margin of
Malaza (Table 6).

Table 6. Soil Characteristics. For the locations of the transects (T) see Winchester et al. [17].
C = Sampling circle; (GF) = Gallery forest within 150 m of the riverbank; (P) Paleochannel;
(D) Dryland.

2018 at 25 cm Sand
%

Silt
%

Clay
% pH Organics

%
Moisture

%

1 Dryland 52.6 47.4 2.3 9.1 4.4 6.1
2 Dryland 31.2 68.8 3.3 9 10.8
3 Dryland 35.6 64.4 3.3 7.5 7.2
4 Dryland-
regrown

spiny
31.1 68.9 3.6 8.6 9.3

Riverside 45.5 54.5 3.5 7.1 2.5 11.9
Paleochannel
by10 m bank 38.1 61.9 3.7 8.5 9.1

2016 at 25 cm
P1-1 68.6 31.4 2.3 5.8 2.5 1.85
P1-2 48.2 51.8 2.9 5.4 6 2.1
P1-3 44.5 55.5 2.9 5.4 8 4.5

P1-4 (GF) 5.8 7.4 5.8
P2-1 44.9 55.1 3.8 5.9 10.5 26.0
P2-2 48.9 51.1 3.7 6.0 8.5 16.4
P3-1 35.6 64.4 3.7 5.7 11.5 5.9
P3-2 39.0 61.0 3.3 5.8 14 6.5
P3-3 66.2 33.8 1.8 6 6.5 10.6

2014 at 5 cm
T1 C3 33.3 66.7 3.0 7.5 17
T1 C4 37.0 63 3.6 7.5 16

T2 C1 (GF) 74 26 1.3 7.1 6
T3 C1 (GF) 62.6 37.4 1.9 7.4 16
T3 C5 (GF) 63.2 36.8 2.0 7.0 6
T3 C9 (GF) 75.4 24.6 1.3 7.3 7
T5 C4 (P) 40.6 59.4 3.8 7.3 21

T6 C3 (GF) 85.8 14.2 0.7 6.5 4
T7 C8 (GF) 70.4 29.6 1.7 7.6 10

T8 C2 47.4 52.6 2.7 7.3 14
T9 C2 (P) 53.8 46.2 2.4 7.3 38

T12 C6 (D) 61.3 38.7 2.2 6.6 8
T13 C6 (D) 54.7 45.3 2.4 7.1 6

T14 C9 (PD) 33.3 66.7 3.7 7.0 6
T15 C7 (PD) 46.3 53.7 3.2 7.4 11

T16 C1 72.3 27.7 1.4 4.4 * 13

* The low pH of T16 suggests this sample was taken from a urine-soaked patch.

5. Discussion

Restoration efforts in Madagascar are crucial for recovery of ecosystem functions and
survival of the country’s unique biodiversity. Around Berenty, much of the landscape, once
covered in closed-canopy gallery forest, has been given to large-scale sisal plantations. The
Reserve is, therefore, of utmost importance as one of the few remaining patches of natural
vegetation in the area. Since there is very little information about the biology of the local
native and endemic plant species, our work is important in that it provides insights into
the conditions under which these species may best thrive on restoration projects.
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5.1. Berenty Compared with Beza Mahafaly

For the purpose of future restoration in southern Madagascar, it is instructive to
compare the native and endemic species from Berenty with those found at Beza Mahafaly.
Despite the distance separating the two forests, there are some interesting similarities and
differences. Compared with Berenty, Beza Mahafaly on River Sakamena lies at a higher
altitude (100–200 m) with a higher average rainfall (750 mm/year) [35,36].

The common features are Tamarindus indica the dominant canopy species in Malaza’s
gallery forest near the river, together with Acacia rovumae, Quisivianthe papinae and
Albizia polyphylla, while lower canopy trees (<15 m tall) include Euphorbia tirucalii,
Salvadora angustifolia, Azima tetracantha, Crateva excelsa, Grewia spp. and Coptosperma nigrescens
(Syn. Enterospermum pruinosum).

Differences include five species at Beza Mahafaly not present at Berenty and two
species at Berenty lacking at Beza Mahafaly: one an upper canopy tree, Neotina isoneura and
the other a lower canopy species, Rinorea greveana. Sussman and Rakotozafy [13] (p. 247)
comment that the forest on the soils further from the river is 50% more dense with more
grass and herbs and with large trees more widely spaced and that the forest vegetation is
distinctly patchy, due to subtle topographical features, shading, natural troughs in the land
and a variable sand fraction, with these last two likely related to periodic flooding. Prob-
ably for the same reasons, Berenty also shows similar environmental variability. Species
differences may be due to altitude and rainfall or possibly to a lack of protection prior to
1986 when Beza Mahafaly became fully protected—50 years after Berenty.

Similarities in terms of species composition suggest that the main findings from
our study could be useful for restoration projects in other dry forests on the island, but
given the local nature of restoration, such projects should initially also gather basic plant
growth information.

5.2. Planting Density, Recruitment, and Mortality

The aim of close planting using the framework species method is that it promotes
rapid canopy closure, conserves soil moisture and shades out weeds [26], with fast-growing
species planted around slow growing ones to provide shade. Our findings were that the
fastest growing species were Celtis bifida, Cordia caffra, Grewia androyensis and Acacia rovumae
(Figures 5 and 6).

The finding that the 1 m planting distance favors early growth on all the plots as
compared with that at 1.5 m is promising but should be investigated over a much longer
period to find out if tree death will occur as a result of competitive thinning, as maintained
by Elliott et al. [26] (p. 219). With this in mind, seedlings that died were not replaced. It is
hoped that this will both help to randomize the regimented appearance of the plantings
and provide space for self-planted recruits from the forest.

A comparison of mortality and recruitment (Tables 4 and 5) shows that although
mortality was highest on P1 at both distances (discounting the dryland shrub X. perrieri
on P3) recruitment from the forest was highest at 1.5 m on P1 and P2. On these two plots,
recruits included 50% of the species from across the chosen range, while recruits on plot
P3 were limited almost exclusively to X. perrieri and Miange and to Kosteletzkya diplocrater,
another dryland species not present under the closed canopy and thus not included in the
planting program.

There are several factors that could account for the different levels of species recruit-
ment on the plots. Seed, deposited either by wind or fauna, is available from the dense
forest flanking P1 and P2, while P3 is surrounded only by degraded shrubs with few seed
trees offering feeding for the fauna.

Daily watering may be another factor: the experience of the Reserve’s management
has shown that watering is essential for the first three years. However, X. perrieri whose
planted seedlings almost all perished may be sensitive to the amount of water, with this
suggested by the high numbers of un-watered recruits, self-seeded from the surroundings,
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growing between the 1 m plantings, with half the number growing in the dryer soil between
the 1.5 m plantings (Table 5).

Grewia androyensis is another dryland species with high seedling mortality on P3 at
1.5 m, but unlike X. perrieri this species lacked recruitment. And although the quantity of
watering may have been one problem [37], another could also be due to shading from the
small roofs that the Reserve management believed necessary to protect seedlings from the
sun on sites P2 and P3, or due to transplant shock or some other nursery-related treatment.
In general, the low percentage of other recruits on degraded P3, highlights the problems
for regeneration in this arid sunlit area.

Concerning the 2006 fire on P2, the advantaged growth rate suggests that the past
fire event has not limited growth here. Although the long-term effects of fire on the
physical properties of soil can range from a single season to many decades, with fire
killing mycorrhizal fungi and beneficial microorganisms and reducing organic matter [36].
Research has shown that low intensity fires may increase nutrient availability and soil
fertility leading to an increase in mineralization and available nutrients [38].

5.3. Climate Change

A record of rainfall at Berenty, 1983 to 2019, shows high variability with very little
trend (Figure 2). Silva et al. [39] point out that where gallery forests have access to ample
water, they may be buffered against the effects of climate change. However, at Berenty there
are years when the river can flood the forest floor and years when it dries completely; this
is likely to occur more frequently with increased warming [40] and this could negatively
affect the nutrient balance: specifically, the carbon, nitrogen and phosphorus content of the
soil [32]. Although the spiny forest species at Berenty have evolved to withstand aridity,
the species in the closed canopy and transitional forest may be challenged, especially where
old trees are dying on the margins of the canopy area allowing sunlight to reach the forest
floor and the ingress of C. quadrangularis.

5.4. Study challenges

There is a lack of published studies on natural regeneration, seedling growth and
forest restoration in Madagascar. Thus, comparisons between our study and others was
not possible. It has been proposed that dry forests in Madagascar have a low regeneration
capacity due to slow plant growth rates because of the arid environment. However, few
studies have been empirically tested [41].

Plant species identification was also a challenge from the start. Apart from this, a major
problem for the analysis was the variable quality of the data. Taking precise measurements
of stems and root collar diameters can be challenging when large numbers of measurements
are involved, assistants are comparatively untrained and site visits by the authors are
limited to short periods once a year so that control of the plots is intermittent. There was
also variability in seedling quality, with the roots of many plants in the nursery growing
through their containers into the ground so that roots were ruptured on transplanting.

A further problem was that the plots varied in terms of shade, soil conditions and
moisture availability, with this illustrated by the lack of significance for the relative growth
rates on Plot 3.

5.5. Ongoing Work

Our 3-year study provided a starting point for future work and a basis for a long-term
study of tree growth in this unique environment. In the immediate future further plots
should be established where advancing degradation is threatening the margins of the
closed canopy. A planting distance of 1.3 m should be trialed for comparison with growth
at the 1 m and 1.5 m planting distances. At the same time, non-planted control plots should
be set up in similar areas to provide essential baseline data against which subsequent
changes in biodiversity and tree growth rates can be compared [26] (pp. 242–252).
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There were three species, Strychnos madagascariensis, Bauhinia decandra, and Strophantus
boivinii that could merit further planting trials. Either too few individuals were planted
and/or their plantings were limited to too few plots (Table 4). To assist future planting de-
signs, Figures 5 and 6 reveal the fastest growing species; these are Celtis bifida, Poupartia sp.,
Cordia caffra, Grewia androyensis and Acacia rovumae.

Further research is needed to quantify varying degrees of shade by existing trees.
Apart from planting distances and soil characteristics, shade variations could be a factor
contributing to differences in growth rates. For example, shade is particularly dense on P1
for the 1.5 m plantings and P2 has low numbers of existing trees but is surrounded by tall
canopy species reducing the amount of direct sunlight in the early mornings and, more
importantly, in the hot evenings. High numbers of existing trees were present on parts of
P3, although these were all dryland species with small light-colored leaves that did little to
shade the ground.

Watering treatments should also be evaluated to determine how watering could affect
below-ground biomass and root structure and long-term performance of the plants under
water stress. A final topic could be research into the reasons for tamarind seedlings failing
to thrive under the canopy: potential reasons include the degree of shade or an allelopathic
reaction to leaf and bark toxins or mycorrhizal negative plant-soil feedback under mature
tamarinds [42,43].

6. Conclusions
6.1. Location, Planting Density and Species Performance

The main conclusions from the study were that for the combined species relative mean
height growth rates for seedlings on P2 grew faster planted at 1 m than on the other two
plots, on P2 at 1.5 m growth was slower than elsewhere. However, root seedling mortality
(discounting Ximenia perrieri) was highest on P1 at 1 m and least on P2 at both planning
distances (Table 4 and Figure 7). Recruitment (also discounting X. perrieri) was highest on
P2 at 1.5 m closely followed by P1 at 1.5 m; it was extremely low on P3 (Table 5).

Although most of the species grow fastest at the 1 m planting distance, there are a few
that do better at 1.5 m, notably: Tamarindus indica and Neotina isoneura, with these being
giants of the upper closed-canopy forest.

The data on individual relative growth rates, mortality and recruitment of the 24 species
planted at Berenty will be useful for the planning and management of future
plantings (Figure 5a,b).

The three canopy types showed no clear relationship between relative growth rates
and type (Figure 6). Both upper canopy and dryland rates were distributed across the range,
while lower canopy rates were restricted to low to medium growth with respect to height,
but with the rate expanding into the upper register as regards root collar diameter increase.

Although there are many environmental factors that we did not quantify (in particular
shade differences, which need further investigation), the advantaged growth in the mid-
forest may also be due to differences in soil composition and moisture levels. At Berenty,
soil organics and moisture levels were lowest near the river and highest in the mid-forest,
with silt predominating in the western sector of the forest and sand in the higher energy
environment near the river. Percentages of sand and silt elsewhere in the forest were
variable consequent upon the changing course of river channels over time (Figure 1).

6.2. Future Prospects

Future growth rates will undoubtedly change as the planted seedlings age and compe-
tition becomes a limiting factor. To better establish planting patterns, density and growth
rates of the various species, measurements should be repeated over several years, to track
the performances of the species, including their survival, mortality and recruitment from
the forest.

Throughout the planting trials, we have been collecting, pressing and cataloguing
tree specimens (including both their common and scientific names) to form a reference
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collection in an herbarium in a new Research Centre that will include a veterinary clinic
and a meeting hall, with visual displays and educational material for school children. The
center’s aim is to demonstrate the very special nature of this environment, both for the
local people and visitors, while also potentially providing a locus for reference material
from the forest and potentially for the flora of the whole southern biome.

The wider significance of this study is that it focuses on which common native trees
thrive best, where and under what conditions. It provides initial data on tree growth
characteristics for forest restoration that could contribute to the preservation of endangered
ecosystems across Madagascar’s southern region. This study was only a beginning: it is
intended to provide a platform for further studies. It is hoped that the details on growth
rates, survival and recruitment of species in this unique biome will be generally of interests
for applied research on biodiversity restoration and conservation elsewhere [44].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/land10101041/s1, Figure S1 (a–c): maps of the three plots showing seedling numbering,
existing trees and mortality 2016–2018.

Author Contributions: R.S. and A.M.-B. carried out the statistical analysis with description of
methods and also helped with editing. J.M. collected, named, prepared and catalogued the tree
species as a basis for the future herbarium. V.W. was mainly responsible for the text. B.M. and T.P.V.
carried out the establishment of a further stage of reforestation and all of the above carried out the
field work. F.D. generously supported us all and was instrumental in getting the whole team together.
All authors have read and agreed to the published version of the manuscript.

Funding: Funding for Rubin Sagar was received from the Marshall Weinberg Internship Fund-
ing Award, School for Environment and Sustainability, University of Michigan, USA. Ariadna
Mondragon-Botero received funding from the European Commission through the TROPIMUNDO
master’s program. Vanessa Winchester thanks the University of Michigan for funding in 2016 and
2017 and The Percy Sladen Memorial fund administered by The Linnean Society of London.

Acknowledgments: Many people have helped us during the work: Krithika Sampath from the Uni-
versity of Michigan helped with initial planting out and measuring in 2016. Manisa Rabemananjara
from the University of Antananarivo and Marco Tolisoa and Germain Monja were our most able
assistants in 2018. Our teams of local workers in the forest included Manjovory Fomeinjanahany who
did much measuring and planted an additional plot in the mid-forest in 2017 and not forgetting the
teams of men who did the clearing and the ladies who did the plant-watering throughout; they are
all thanked for their valiant work as are the forest guardians, the Guide Lambert Dimilahy and the
resort staff who looked after us. Mona Edwards at the School of Geography, University of Oxford is
thanked for soil analysis. We most warmly thank Mme Claire de Heaulme Foulon who has provided
essential support and advice throughout. Finally, we are most grateful to Stephen Elliott for his
helpful suggestions and comments on an early draft of this paper and two anonymous referees are
thanked for their comments and suggestions much improving the manuscript in its final stages.

Conflicts of Interest: The authors have no conflict of interests to declare. We certify that this
submission is original work and is not under review at any other publication.

References
1. Myers, N.; Mittermeier, R.A.; Mittermeier, C.G.; da Fonseca, G.A.B.; Kent, J. Biodiversity hotspots for conservation priorities.

Nature 2000, 403, 853–858. [CrossRef]
2. Jolly, A.; Oberlé, P.; Albignac, R. Key Environments: Madagscar; Pergamon Press: Oxford, UK, 1984; p. 250.
3. Jolly, A. Lords and Lemurs: Mad Scientists, Kings with Spears and the Survival of Diversity in Madagascar; Houghton Mifflin Co.:

Boston, MA, USA; New York, NY, USA, 2004; p. 310.
4. Djoudi, H.; Vergles, E.; Blackie, R.R.; Koame, C.K.; Gautier, D. Dry forests, livelihoods and poverty alleviation: Understanding

current trends. Int. For. Rev. 2015, 17, 54–69. [CrossRef]
5. Gardner, C.J.; Nicoll, M.E.; Birkinshaw, C.; Harris, A.; Lewis, R.E.; Rakotomalala, D.; Ratsifandrihamanana, A.N. The rapid

expansion of Madagascar’s protected area system. Biol. Conserv. 2018, 220, 29–36. [CrossRef]
6. Tollefson, J. Madagascar’s forests face an uncertain future. Nature 2019, 565, 407. [CrossRef]

https://www.mdpi.com/article/10.3390/land10101041/s1
https://www.mdpi.com/article/10.3390/land10101041/s1
http://doi.org/10.1038/35002501
http://doi.org/10.1505/146554815815834868
http://doi.org/10.1016/j.biocon.2018.02.011
http://doi.org/10.1038/d41586-019-00189-8


Land 2021, 10, 1041 17 of 18

7. Du Puy, D.J.; Moat, J. A refined classification of the primary vegetation of Madagascar based on the underlying geology: Using
GIS to map its distribution and to assess its conservation status. In Biogeography of Madagascar; ORSTOM: Paris, France, 1996;
pp. 205–218. ISBN 2-7099-1324-0/ISSN 0767-2896.

8. Bullock, S.H.; Mooney, H.A.; Medina, E. (Eds.) Seasonally Dry Tropical Forests; Cambridge University Press: Cambridge, UK,
1995; 450p.

9. Sanchez-Azofeifa, A.; Powers, J.S.; Fernandez, G.W.; Quesada, G.W. Tropical Dry Forests in the Americas: Ecology, Conservation and
Management; Routledge, Taylor and Francis Group: London, UK, 2014; p. 538.

10. Groupe des Spécialistes des Plantes de Madagascar (GSPM). Liste Rouge des Plantes Vasculaires Endémiques de Madagascar.
2011. Available online: https://www.cepf.net (accessed on 2 November 2018).

11. Crowley, H. Madagascar spiny thickets. In Terrestrial Ecoregions of Africa and Madagascar: A Conservation Assessment, 2nd ed.;
World Wildlife Fund Ecoregion Assessments; Burgess, N., D’Amico Hales, J., Underwood, E., Dinerstein, E., Olson, D., Itoua, I.,
Schipper, J., Rickketts, T., Newman, K., Eds.; Island Press: Washington, DC, USA, 2004; pp. 415–417, ISBN 978-1559633642.

12. Aronson, J.C.; Phillipson, P.B.; Le Floc’h, E.; Raminosoa, T. Dryland tree data for the Southwest region of Madagascar: Alpha-level
data can support policy decisions for conserving and restoring ecosystems of arid and semiarid regions. Madag. Conserv. Dev.
2018, 13, 1–9. [CrossRef]

13. Sussman, R.W.; Rakotozafy, A. Plant diversity and structural analysis of a tropical dry forest in southwestern Madagascar.
Biotropica 1994, 26, 241–254. [CrossRef]

14. Jolly, A. Thank You Madagascar; Zed Books: London, UK, 2015; p. 432.
15. Blumenfeld-Jones, K.; Tahirihasina, M.; Randriamboavonjy, G.W.; Mertl-Millhollen, A.; Pinkus, S.; Rasamimanana, H. Tamarind

recruitment and long-term stability in the gallery forest at Berenty, Madagascar. In Ringtail Lemur Biology; Jolly, A., Sussman, R.W.,
Koyama, N., Rasamimanana, H., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 69–85.

16. Koyama, N.; Soma, T.; Ichino, S.; Takahata, Y. Home ranges of ringtailed lemur troops. In Ringtail Lemur Biology; Jolly, A., Sussman,
R.W., Koyama, N., Rasamimanana, H., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 86–101.

17. Winchester, V.; Hardwick, K.; Rasamimanana, H.; Raharison, S.; Mertl-Millhollen, A.; Gärtner, H.; McCrae, J. Berenty Reserve—A
Gallery Forest in Decline in Dry Southern Madagascar: Towards Forest Restoration. Land 2018, 7, 8. [CrossRef]

18. Arroyo-Rodriguez, V.; Mandujano, S. The importance of tropical rain forest fragments to the conservation of plant species
diversity in Los Tuxtlas, Mexico. Biodivers. Conserv. 2006, 15, 4159–4179. [CrossRef]

19. Lu, Y.; Ranjitkar, S.; Harrison, R.D.; Xu, J.; Ou, X.; Ma, X.; He, J. Selection of native tree species for subtropical forest restoration in
southwest China. PLoS ONE 1917. [CrossRef]

20. Elliott, S.; Navakitbumrunga, P.; Kuaraka, C.; Zangkuma, S.; Anusarnsunthorna, V.; Blakesley, D. Selecting framework tree
species for restoring seasonally dry tropical forests in northern Thailand based on field performance. For. Ecol. Manag. 2003, 184,
177–191. [CrossRef]

21. Di Sacco, A.; Hardwick, K.; Blakesley, D.; Brancalion, P.H.S.; Breman, E.; Rebola, L.C.; Chomba, S.; Dixon, K.; Elliott, S.; Ruyonga,
G.; et al. Ten golden rules for tree planting initiatives to optimise carbon sequestration, biodiversity recovery and livelihood
benefits. Glob. Chang. Biol. 2021, 27, 1328–1348. [CrossRef]

22. Virah-Sawny, M.; Gillson, L.; Willis, K.J. How does spatial heterogeneity influence resilience to climatic changes? Ecological
dynamics in Southeast Madagascar. Ecol. Monogr. Ecol. Soc. Am. 2009, 79, 557–574.

23. Mahoney, J.J.; Saunders, A.D.; Storey, M.; Randriamanantenasoa, A. Geochemistry of the Volcan de l’Androy basalt-rhyolite
complex, Madagascar Cretaceous igneous province. J. Petrol. 2008, 49, 1069–1096. [CrossRef]

24. Morat, P. Les Savanes du Sud-Ouest de Madagascar; OSTROM: Paris, France, 1973; Volume 68, p. 236.
25. Phillipson, P.B. Endemism and Non-Endemism in the Flora of Southwest Madagascar; OSTROM: Paris, France, 1996.
26. Elliot, S.; Blakesley, D.; Hardwick, K. Restoring Tropical Forests: A Practical Guide; Kew Publishing: Richmond, UK, 2013; p. 332.

Available online: https://www.forru.org/library/0000152 (accessed on 29 September 2021).
27. Reeves, J.L.; Leibig, M.A. Depth Matters: Soil pH and Dilution Effects in the Northern Great Plains. Soil Sci. Soc. Am. J. 2016, 80,

1424–1427. [CrossRef]
28. R Core Team. R: A Language and Environment for Statistical Computing Version 3.6.2; R Core Team: Vienna, Austria, 2019. Available

online: https://www.R-project.org (accessed on 3 January 2021).
29. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4. Available

online: https://ggplot2.tidyverse.org (accessed on 10 March 2021).
30. Wickham, H. Forcats: Tools for Working with Categorical Variables (Fiablesactors). R Package Version 0.4.0. 2021. Available

online: https://forcats.tidyverse.org/ (accessed on 3 March 2021).
31. Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.D.; François, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester, J.;

et al. Welcome to the Tidyverse. J. Open Source Softw. 2019, 4, 1686. [CrossRef]
32. Day, A.D.; Ludeke, K.L. Soil Acidity. In Plant Nutrients in Desert Environments; Adaptations of Desert Organisms; Springer:

Berlin/Heidelberg, Germany, 1993.
33. Feng, J.; Xin-Rong, S.; Feng-Peng, H.; Zhi-You, Y. Increasing aridity, temperature and soil pH induce soil C-N-P imbalance in

grasslands. Sci. Rep. 2016, 6, 19601.
34. Hartley, A.; Barger, N.; Belnap, J.; Okin, G.S. Dryland ecosystems. In Nutrient Cycling in Terrestrial Ecosystems; Soil Biology 10;

Marschner, P., Rengel, Z., Eds.; Springer: Berlin/Heidelberg, Germany, 2007; pp. 272–307.

https://www.cepf.net
http://doi.org/10.4314/mcd.v13i1.7
http://doi.org/10.2307/2388845
http://doi.org/10.3390/land7010008
http://doi.org/10.1007/s10531-005-3374-8
http://doi.org/10.1371/journal.pone.0170418
http://doi.org/10.1016/S0378-1127(03)00211-1
http://doi.org/10.1111/gcb.15498
http://doi.org/10.1093/petrology/egn018
https://www.forru.org/library/0000152
http://doi.org/10.2136/sssaj2016.02.0036n
https://www.R-project.org
https://ggplot2.tidyverse.org
https://forcats.tidyverse.org/
http://doi.org/10.21105/joss.01686


Land 2021, 10, 1041 18 of 18

35. Sussman, R.W.; Green, G.M.; Porton, I.; Andrianasolondraibe, O.L.; Ratsirarson, Z.J. A survey of the habitat of Lemur catta in
Southwestern and Southern Madagascar. Primate Conserv. 2003, 19, 32–57.

36. Ramananjatovo, R. Etude Structurale et Écologique de la Régénération Naturelle de la Flore Dans Deux Zones à Différents Degrés de
Perturbation Dans la Réserve Spéciale de Bezà Mahafaly; Mémoire de fin d’étude; ESSA—Eaux et Forêts; Université d’Antananarivo:
Antananarivo, Madagascar, 2013.

37. Miandrimanana, C.; Reid, L.; Rivoharison, T.; Birkinish, C. Planting position and shade enhance native seedling performance in
forest restoration for an endangered Mlagasy plant. Plant Divers. 2019, 41, 118–123. [CrossRef]

38. Certini, G. Effects of fire on properties of forest soils: A review. Oecologia 2005, 143, 1–10. [CrossRef]
39. Da Silva, L.C.R.; Sternberg, L.; Haridasan, M.; Hoffman, W.A.; Miralles-Willhelm, F.; Franco, A.C. Expansion of gallery forests

into central Brazilian savannas. Glob. Chang. Biol. 2008, 14, 2108–2118. [CrossRef]
40. Tadross, M.; Randriamarolaza, L.; Rabefitia, Z.; Zeng, K.Y. Climate Change in Madagascar: Recent Past and Future; Climate Systems

Analysis Group, University of Cape Town: Cape Town, South Africa; World Bank: Washington, DC, USA, 2008; pp. 1–17.
41. Elmqvist, T.; Pyykönen, M.; Tengö, M.; Rakotondrasoa, F.; Rabakonandrianina, E.; Radimilahy, C. Patterns of loss and regeneration

of tropical dry forest in Madagascar: The social institutional context. PLoS ONE 2007, 2, e402. [CrossRef]
42. Parvez, S.S.; Parvez, M.M.; Nishihara, E.; Gemma, H.; Fujii, Y. Tamarindus indica L. leaf is a source of allelopathic substance. Plant

Growth Regul. 2003, 40, 107–115. [CrossRef]
43. Mangan, S.A.; Schnitzer, S.A.; Herre, E.A.; Keenan, M.L.; Valencia, M.C.; Sanchez, E.I.; Bever, J.D. Negative plant-soil feedback

predicts tree-species relative abundance in a tropical forest. Nature 2010, 466, 752–755. [CrossRef] [PubMed]
44. Mittermeier, R.A.; Mittermeier, C.G.; Brooks, T.M.; Pilgrim, J.D.; Konstant, W.R.; da Fonseca, G.A.B.; Kormos, C. Wilderness and

biodiversity conservation. Proc. Natl. Acad. Sci. USA 2003, 100, 10309–10313. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pld.2018.09.005
http://doi.org/10.1007/s00442-004-1788-8
http://doi.org/10.1111/j.1365-2486.2008.01637.x
http://doi.org/10.1371/journal.pone.0000402
http://doi.org/10.1023/A:1024237426416
http://doi.org/10.1038/nature09273
http://www.ncbi.nlm.nih.gov/pubmed/20581819
http://doi.org/10.1073/pnas.1732458100
http://www.ncbi.nlm.nih.gov/pubmed/12930898

	Introduction 
	Study Area 
	Materials and Methods 
	Restoration Trial Plots 
	Species Selection, Planting and Measurement 
	Soil Sampling and Plant Identification 
	Data Analysis 

	Results 
	Relative Growth Rates 
	Mortality Rates 
	Recruitment from the Forest 
	Soils 

	Discussion 
	Berenty Compared with Beza Mahafaly 
	Planting Density, Recruitment, and Mortality 
	Climate Change 
	Study challenges 
	Ongoing Work 

	Conclusions 
	Location, Planting Density and Species Performance 
	Future Prospects 

	References

